ABSTRACT
INTRODUCTION
Sequence identification is an integral component of contemporary life sciences. The principal means by which this is accomplished is local alignment comparison-a private or public sequence repository serves as the reference to which query sequences are aligned and from which the best matches are extracted. A popular tool for this task is BLAST (Altschul et al., 1997) . However, BLAST does not guarantee success even when used together with large public databases like the EMBL nucleotide database. Two main reasons for this can be distinguished: (1) most public databases are riddled with misidentified sequences, adding uncertainty to the trustworthiness of any alleged identity and (2) full sequence and species coverage is far from accomplished * To whom correspondence should be addressed.
in any public database, and it is often difficult to assess the search result when only partial or incomplete matches are retrieved. The latter point is of critical importance: the assumption that the best BLAST match, regardless of alignment scores, equals an identification is highly unfortunate, yet commonly made.
The BLAST alignment scores represent a measure of similarity, but similarity does not represent a sound measure of relatedness (Ridley, 1986; de Queiroz, 1992) . Even full BLAST matches may be misleading with respect to sequence relatedness, owing to, e.g. conservation level of the locus, and matches of lesser extent should at best be seen as indicative of relatedness; in general, relationship hypotheses should not be inferred directly from similarity indices. More advanced methods, notably phylogenetic inference, look beyond similarity in addressing sequence relatedness. The palatable properties of phylogenetic analysis typically include the use of all the data as opposed to the reduction of data into descriptive indices, the employment of powerful optimality criteria like parsimony and maximum-likelihood, the possibility of readily evaluating competing hypotheses, and the ability to account for multiple substitutions at the same sequence site (Cracraft and Helm-Bychowski, 1991; Nei, 1996; Swofford et al., 1996; Nei and Kumar, 2000) . In the majority of situations, an aptly framed phylogenetic analysis using the parsimony or the maximum-likelihood optimality criteria is likely to outperform similarity searches in retrieving the correct sequence relatedness. This is a property that could be used for sequence identification.
To our knowledge, there is no full-featured phylogenetic application based on the EMBL/GenBank/DDBJ nucleotide databases. This makes phylogenetic identification against sequences in these databases a cumbersome undertaking, calling for manual BLAST, sequence retrieval, alignment and phylogenetic analysis. To remedy this, we have created galaxie, a Web-interfaced script package for fast phylogenetic assessment of sequence identity. It can perform phylogenetic assessment of sequences added to alignments assembled from the results of BLAST searches, fixed alignments or alignments selected from a set of alignments through hidden Markov models (HMMs).
Some of the concepts of galaxie have been suggested and implemented before; noteworthy examples are PhyloBLAST (Brinkman et al., 2001) and BIBI (Devulder et al., 2003) . PhyloBLAST is a chain implementation of BLAST, ClustalW and PHYLIP designed mainly to address the problem of identification of horizontal gene transfer based on protein sequence data, whereas the Web site BIBI, using BLAST and the alignment and neighbor-joining (NJ) tree-building routines of ClustalW, was created to facilitate the identification of bacteria. The similarities to the galaxie package lie within the notion of going from a single sequence to a phylogenetic tree of relevant sequences. However, a large number of features set the galaxie package apart from one or both these packages; these features include the ability to use nucleotide as opposed to protein sequence data, the portability and the ease of local installation, the capacity to include pre-made alignments either statically or through use of HMMs, the possibility of discriminating amongst identical BLAST hits for meaningful phylogenetic analysis and the option to employ the powerful parsimony optimality criterion for robust phylogenetic inference. galaxie is freely available for on-line use and local installation.
SYSTEMS AND METHODS
The galaxie package consists of three scripts: galaxieALIGN, galaxieHMM and galaxieBLAST. The scripts run as PerlCGIs under a Web server and are evoked from an HTML page for sequence entrance. The input is inspected and corrected if found wanting; additional sequences are then collected. The scripts differ in how they identify and retrieve additional sequences: galaxieALIGN uses the sequences of one specific pre-made alignment of the script administrator's choice, galaxieHMM uses the HMM package HMMER (Eddy, 1998) to select amongst an arbitrary number of pre-made alignments, and galaxieBLAST determines what additional sequences to include through a BLAST run against a local database. The sequences are directed to ClustalW 1.82 (Thompson et al., 1994) for joint multiple alignment. The multiple alignment is sent to the PHYLIP 3.573 package (Felsenstein, 1993) for phylogenetic analysis. Either NJ or maximum parsimony (MP) analysis is carried out. The phylogenetic analysis features random sequence addition, bootstrapping, tree consensus calculation, outgroup rooting and, where applicable, branch swapping. The resulting phylogenetic tree is displayed in the user's browser and can be saved as a Newick tree file for post-analysis processing.
The scripts are written in Perl 5 and are highly configurable; the installation procedure is described in detail in the galaxie documentation. The Apache httpd Web server (http://httpd.apache.org), running in a Linux/UNIX environment, is recommended for galaxie installation. galaxie requires a Perl interpreter and the ClustalW and PHYLIP command line executables (BLAST in the case of galaxieBLAST and HMMER in the case of galaxieHMM); these are freely available from the Internet (ClustalW, ftp://ftp. ebi.ac.uk/pub/software/; PHYLIP, http://evolution.genetics. washington.edu/phylip.html; BLAST, ftp://ftp.ncbi.nih.gov/ blast/; HMMER, http://hmmer.wustl.edu).
galaxieALIGN
The script accepts one to many sequences as input. If more than one sequence is entered, the FastA format (Pearson and Lipman, 1988; Pearson, 1990 ) is required of the input. The script collects a pre-aligned matrix of the script administrator's choice and opens ClustalW to align the two sequence profiles to one another. Only gapped columns can be added to the pre-aligned matrix, whereas the query sequences are aligned normally to the former. The resulting multiple alignment is directed to the PHYLIP package components seqboot, dnadist, neighbor and consense (NJ) or seqboot, dnapars and consense (MP). The choice of outgroup is made by the script administrator upon script installation; it is recommended that the pre-aligned matrix feature a suitable outgroup relative to the sequences of interest. HTML links from the sequences of the output tree are easily made in the script. On the result page, the multiple alignment is displayed together with the phylogenetic tree.
galaxieHMM
The script was written to render possible the inclusion of, and automatic selection amongst, an arbitrary number of pre-made alignments. Upon installation, an HMM is made for each alignment excluding its outgroup. galaxieHMM accepts one sequence as input and performs a search amongst the HMMs to identify the best-if any-alignment. If the query sequence produces a significant match with any of the alignments, the (best) significantly matching alignment is selected for phylogenetic analysis, the procedure followed being identical to that of galaxieALIGN. The script outputs the corresponding phylogenetic tree, the result from the alignment choice procedure and the multiple alignment.
galaxieBLAST
The script accepts one sequence as input. It requires a local BLAST installation and a BLAST formatted data file; the data file can stem from any public database or from the user's own sequence repository. The input sequence is directed as a query to BLAST; either all BLAST matches above the specified BLAST E-value threshold ('e value: All hits' option) or the three best BLAST matches followed by all hits of unique E-values ('e value: Unique' option) are collected. The corresponding sequences are retrieved from the BLAST data file. The sequence file is sent to ClustalW, and a full multiple alignment is performed. Phylogenetic analysis is carried out as above except for outgroup selection; the outgroup is decided dynamically as the sequence of the largest distance to the query sequence. If the BLAST data file stems Clade names refer to those of Hibbett and Binder (2002) .
from EMBL/GenBank/DDBJ, the script fetches the accession numbers of the sequences and creates HTML links to the sequences' entries in the EMBL nucleotide database at EBI. The output consists of the phylogenetic tree, the BLAST outdata and the multiple alignment.
IMPLEMENTATION
A test server was set up at Göteborg University to evaluate all the components of the galaxie package and to function as a Web service.
galaxieALIGN
An alignment of 70 nuclear ribosomal large sub-unit (nuc-LSU) sequences from the higher fungi (Basidiomycota: Homobasidiomycetes) was compiled by hand; the sequences were chosen so as to cover all major clades of the group [see Hibbett and Binder (2002) for clade names and composition]. The alignment was fed to galaxieALIGN, and the question here was to see whether a query sequence belongs to the Homobasidiomycetes and, if so, to what clade. The phylogenetic analysis parameters were set to NJ with 20 bootstrap replicates, the maximum-likelihood model of sequence evolution, random sequence addition, consensus tree calculation and outgroup rooting. A heterobasidiomycete, Tremella mesenterica, was chosen as outgroup. It was decided that only bootstrap values above 50% would be considered significant. As test sequences, various fungal nuc-LSU sequences not present in the compiled matrix were retrieved from the EMBL nucleotide database. The test sequences were found to be of mixed length and nucleotide ambiguity content. Location: http://andromeda.botany.gu.se/galaxie.html
In spite of including only 70 of the more than 13 000 known species of the Homobasidiomycetes and an analysis set-up requiring less than a minute to complete, galaxie-ALIGN captures the large-scale phylogeny of the group in a way much reminiscent of recent studies of the phylogeny of the Homobasidiomycetes (e.g. Hibbett and Binder, 2002; Redhead et al., 2002) . All tested homobasidiomycete and heterobasidiomycete sequences were assigned to the appropriate clades (Table 1 ). It was found that the ability of the script to assign query sequences to the correct clades diminishes with decreasing query locus coverage. In some cases, however, as little as 15% of the complete nuc-LSU was enough for proper clade assignment. Inclusion of too remotely related organisms, such as insects and higher plants, brings about spurious alignments and phylogenies. In such cases, a cursory glance at the output multiple alignment sufficed to stop us from carrying on further investigation.
galaxieHMM
HMMs were made from 15 alignments of nuclear ribosomal ITS sequences from different fungal genera using the HMMER package. Outgroup sequences were present in all alignments but were temporarily removed for the creation of HMMs to avoid matching query sequences to outgroup taxa. This approach allows for the incorporation of a high number of both hand-made and automatically generated multiple alignments into a galaxie package installation; in the present case, the installation is designed to tell one of the intrageneric position of a query sequence. The parameters of the phylogenetic analysis were set as above apart from an increment to 100 bootstrap replicates. Location: http:// andromeda.botany.gu.se/galaxieHMM.html.
One of the 15 ITS matrices included covers parts of the genus Cortinarius. Several Cortinarius species not covered by the matrix were chosen from EMBL (e.g. C.rubrocastaneus, acc. no. AF435831; C.arcuatorum, acc. no. AF503552; and C.olympianus, acc. no. AF503550) and used as input for galaxieHMM. In all cases, the script was found to identify correctly the Cortinarius matrix as the most appropriate choice and to complete the subsequent phylogenetic analysis. For comparison, ITS sequences were retrieved from all available genera of the two clades where Cortinarius species show up in recent estimates of the phylogeny of the Homobasidiomycetes (Hibbett and Binder, 2002) . Most genera begot too low HMMER E-values to be scheduled for further processing (e.g. Amanita, acc. no. AF085494; Stropharia, acc. no. AF345655 and Inocybe, acc. no. AY228341); a few genera, however, produced significant matches to the HMM (e.g. Pholiota, acc. no. AF345654 and Kuehneromyces, acc. no. AF345807). In these cases, the subsequent phylogenetic analysis placed the query sequences outside the ingroup, correctly suggesting that the query sequences be considered close to, but not inside, the ingroup. Inclusion of yet more distantly related sequences and sequences from other loci begot poor alignment matches, and such sequences were discarded from further analysis by the script. Similar results were observed for the other pre-made alignments.
galaxieBLAST
All EMBL fungal sequences (delimitation: 100 bp ≤ length ≤ 3000 bp and exclusion of ESTs, GSSs, STSs, patented material and draft sequences) were collected and BLAST formatted. galaxieBLAST was installed, aiming to address the precise identity of the query sequence. Phylogenetic inference parameters were set to outgroup-rooted parsimony with 20 bootstrap replicates, branch swapping and consensus tree retrieval; outgroups were selected dynamically. Location: http://andromeda.botany.gu.se/galaxieBLAST.html.
Using an ITS sequence from the homobasidiomycete Hypochnicium geogenium (acc. no. AF429426), the inclusion of all the 20 best BLAST matches ('e value: All' option) returns a fully supported query sequence position in a phylogenetic tree congruent with a recent phylogenetic study of the convoluted species complex to which this species belongs . Using the same sequence and the option of collecting the three best BLAST matches and thereafter only matches of unique BLAST E-values ('e value: Unique' option), a well-supported phylogenetic tree of a subsection of the polyporoid clade (Hibbett and Binder, 2002 ) is retrieved, showing the position of the genus Hypochnicium and a full sequence match of H.geogenium. Similar results were achieved when testing with data from other recently published phylogenetic studies.
DISCUSSION
galaxie is developed as a phylogenetic search engine for UNITE, an upcoming DNA sequence database for mycorrhizal fungi (http://unite.zbi.ee). Mycorrhiza is a belowground symbiosis between a fungal mycelium and a plant root; the interaction is important for individual plant survival and for terrestrial ecosystem function. When fungi are manifested as mycelium only, as in a mycorrhiza, they are notoriously difficult to identify. For reliable species determination, fungal fruitbodies are often necessary; it is, however, rare to find an unambiguous connection from a mycorrhiza to a fruitbody. Mycorrhiza identification is today chiefly oriented toward DNA sequence data and so encounters many of the problems related to sequence identification. The observation that public sequence databases are replete with erroneous taxonomical names is particularly true of mycorrhizal fungi, where additional means by which to verify a hypothesized name commonly are lacking. Furthermore, mycorrhizal fungi are often isolated from soil or plant tissue samples, and unintentional amplification of extraneous DNA from these substrates is not uncommon. Sequence reliability was identified as a keystone in the foundation of UNITE, and several ways of ensuring it are currently being investigated. The galaxie package is one of them.
DNA sequence data have come to play a large role not only in mycorrhizal research but in all biological systematics. Its remarkable explanatory power gives it a prominent role in the definition of taxa and makes it a reliable alternative to morphology when organisms are to be identified (Woese et al., 1990; Hebert et al., 2003; Tautz et al., 2003) . This associates considerable responsibility with the utilization of sequence data in biological research; information from DNA sequences will advance taxonomy only if the full potential of sequence data is explored. The galaxie package represents an attempt to take the process of sequence identification one step further by investigating information that is not fully processed by BLAST. The automated phylogenetic analysis that the galaxie scripts perform is well suited for a quick, alternative assessment of the identity of query sequences. The advantages they carry include (1) character state based sequence analysis employing any of a number of powerful optimality criteria, (2) the ability to address and visualize the mutual relatedness of all sequences in a dataset and not just the similarity of the first sequence to all others and (3) graphic display of the output and easy retrieval of additional information pertaining to each sequence. This makes the scripts not only complementary to BLAST but also likely to outperform the latter in many situations.
While automated multiple alignment is known to work well on comparatively conserved sequences, the quality of the output it generates is expected to drop with increasing sequence heterogeneity. In these situations, posterior manual intervention is often the only way around the problem. The galaxie package features two components that allow inclusion of hand-made multiple alignments: galaxieALIGN and galaxie-HMM. Whereas the former relies on one specific alignment, preferably one of wide sequence sampling to allow a quick, large-scale estimate of sequence relatedness, galaxieHMM is easily set to cover and dynamically select amongst an arbitrary number of pre-made alignments. This makes galaxieHMM an efficacious tool for addressing the position of a sequence in a certain sequence group, such as a genus; in the case of fungi, it is often impossible to perform a satisfactory whole-genus alignment of a variable locus like the ITS using automated methods only, and hand-adjusted alignments are highly desired. The alignments may vary not only with respect to taxonomic sampling but also with respect to genomic sequence. If several genes are used for identification, the same set-up can be used for all analyses. The present galaxieHMM installation of 15 partly covered fungal genera provides substantial indications that the use of HMMs to select amongst a set of multiple alignments and pick the best one-if anywith respect to a query sequence is justified. This opens up the possibility of using galaxieHMM to obtain very accurate estimates of a sequence's position within a group of sequences, notably at the genus or family level.
The script administrator is responsible for compiling alignments for galaxieALIGN and galaxieHMM. This is not the case for galaxieBLAST, which relies instead on BLAST to select appropriate sequences to include in the analysis. While handy, the automation of the sequence selection procedure may also bring about pitfalls. Running galaxieBLAST on very conserved regions may result in lack of resolution in the output tree even when using the 'e value: Unique' option to sort out identical matches. It is important to understand that in these cases, low bootstrap support tells of homogeneity rather than of conflicts in the data, and it is here a strength of phylogenetic analysis that it fails to find enough resolution in the data to warrant a significantly supported position of the query sequence. Under comparable conditions, similarity searches tend to over-identify the match, returning very high match values and potentially ostensible identity. Even in the absence of good matches for the whole query sequence, high BLAST scores may still be attained if the sequence in question features a well-conserved region, like 5.8S in the ribosomal ITS region. If the remainder of the sequence is less well matched by anything in the database, the result will be a spurious multiple alignment and a futile phylogenetic analysis. An analogous situation is that of a set of organisms having the same sequence regions but in different order-high BLAST E-values but prospectless multiple alignments will be the result. Fortunately, all these situations are easily spotted in the multiple alignment and in the BLAST output, which are shown together with the phylogenetic tree by galaxieBLAST. This and other issues are discussed at more length in the galaxie documentation.
galaxie visualizes its output as a phylogenetic tree. It is, however, important to remember that the galaxie package should not be used to retrieve phylogenetic trees for publication or to infer branching order in some set of organisms; the requirements of these and similar tasks are better met by more thoroughly framed phylogenetic analyses. The purpose of galaxie-to provide an alternative to traditional sequence identification-does in no way render unnecessary the critical interpretation of the output or the need for knowledge of the sequence or organism group in question. On the contrary, the composite task it is, sequence identification demands of its practitioner insight into many different aspects of biology, biochemistry and computing sciences. Still, assigning a correct rather than a potentially compromised name to a sequence is of such importance as to suggest that all feasible measures be taken to ensure it. It is hoped that galaxie will prove to be a qualified platform for the identification procedure and a way to sidestep some of the pitfalls associated with it.
CONCLUSION
Phylogenetic analysis complements and often outperforms similarity searches when addressing sequence identity, especially so when the reference database does not hold any full matches of the sequence in question. The increasing weight given to sequence data in contemporary life sciences suggests that all feasible measures be taken to arrive at valid sequence annotations. A portable software framework for qualified identification of nucleotide sequences is provided.
